Colon cancer preferentially metastasizes to the liver. To determine cellular backgrounds of this preference, we generated an enhanced green fluorescent protein (eGFP)-expressing rat adenocarcinoma cell line (CC531s) that forms metastases in rat liver after administration to the portal vein. Intravital videomicroscopy (IVVM) was used to visualize early events in the development of tumors in livers of live animals from the time of injection of the cancer cells up to 4 days afterward. Based on information obtained with IVVM. tissue areas were selected for further analysis using con focal laser scanning microscopy (CLSM). electron microscopy (EM), and electron tomography. It was shown that initial arrest of colon cancer cells in sinusoids of the liver was due to size restriction. Adhesion of cancer cells to endothelial cells was never found. Instead, endothelial cells retracted rapidly and interactions were observed only between cancer cells and hepalocytes. Tumors developed exclusively intravascularly during the first 4 days. In conclusion, initial steps in the classic metastatic cascade such as adhesion to endothelium and extravasation are not essential for colon cancer metastasis in liver.
Introduction
Many types of cancer of the gastrointestinal tract preferentially form metastases in the liver. ' Metastasis of colon cancer in liver is found in 25% of patients at the time of colorectal resection, whereas 50% of patients eventually develop liver metastases. Approximately 90% pf patients who die from colorectal cancer have liver metastases." Metastasis is a multistep and dynamic process. Several steps are considered essential for the formation of metastases.
These steps include detachment of cancer cells from the primary tumor, entry into the circulation and exit from the circulation at a secondary site by interactions with endothelial cells, and subsequent extravasation. Completion of all these steps is considered necessary for metastasis. Two processes have been proposed to explain the high incidence of colon cancer metastasis in liver. One explanation is based on the seed-and-soil theory of Paget (1875) in which preferential adhesion of colon cancer cells (homing) forms the basis. 4 " Alternatively, experimental data have shown that cancer cells cannot pass the liver because they are arrested physically in the too narrow sinusoids of the liver. homogenates. 14 However, lacZ does not allow direct visualization of cancer cells in live animals, which would help us to understand dynamic processes related to invasion and metastasis of cancer. _> Green fluorescent protein is a suitable heritable marker and has been proven to be a powerful tool for the visualization of cancer cells in live tissues 6 " 1S in intact animals using lime-lapse confocal laser scanning microscopy (CLSM) 1 '' and intravital videomicroscopy (IWM). ' Therefore, we generated a rat adenocarcinoma cell line (CC531s) stably transfected with the enhanced green fluorescent protein (eGFP) coding sequence to study early events in the development of metastases, particularly with respect to homing of colon cancer cells in the liver and subsequent steps in tumor development.
IWM was used to study the behavior of these fluorescent cancer cells in livers of live rats at the time of administration to the portal vein up to 4 days afterward. Based on IWM analysis, areas of interest in the livers were selected and CLSM, electron microscopy (EM), and electron tomography were applied to obtain detailed information at high resolution on interactions between cancer cells and their environment.
Materials and Methods

Plasmid preparation.
Construction of an expression vector containing both the eGFP gene and the Zeocin resistance gene were constructed as follows. The pcDNA3.l/Zeo^ vector (Invitrogen, Carlsbad. CA)
containing the chimeric intron from pCT (Promega. Leiden. The Netherlands) between pCMV and the multiple cloning site was used. The peGFP-N2 vector was obtained from Clontech (Palo Alto, CA). Both vectors were digested with restriction enzymes Bamlll'Notl. The eGFP complementary DNA fragment from the peGFP-N2 vector was unidirectionally subcloned into the pcDNA3.1/Zeo" vector, resulting in a pcDNA3.1/Zeo"7eGFP vector. CsCl-purified plasmid DNA was digested with the restriction enzyme Sail, and the linearized DNA fragment containing both the eGFP gene and Zeocin resistance gene was isolated. This DNA fragment was used for transfection of CC531s cells.
Cell culture.
An established colon carcinoma cell line (CC531s) was obtained from a moderately differentiated and weakly immunogenic adenocarcinoma after experimental induction in WAG-Rij rats by treatment with 1.2-dimethylhydrazine." Cells were cultured at 37°C as monolayers in RPMI 1640 Dutch modification containing 10% fetal calf serum, L-glutamine (2 mmol/L), penicillin (100 lUAnl), and streptomycin (100 ug/ml) (all obtained from Gibco/'BRL. Grand Island, NY). Cells were washed twice with phosphate-buffered saline (PBS). After detachment with trypsin (0.05% wt/vol) in the presence of ethylenediaminetetraacetic acid (0.02% wt/vol) in PBS and centrifugation (250g at room temperature for 5 minutes), a single cell suspension was obtained with a viability of at least 95%.
Transfection.
Cells that were confluent for 70% to 90% were harvested for transfection and resuspended in 
Animals.
Male WAG Rij rats (200-220 g) were obtained from Broekman (Somercn. The Netherlands).
The animals were kept under standard environmental conditions with free access to food and water. All rats had acclimatized for 1 week before entering an experiment. All animal experiments were performed in agreement with the animal ethics committee of the Academic Medical Center.
Administration of cancer cells.
Logarithmically growing cells were washed twice with PBS. harvested after trypsinization.
and resuspended in PBS. For determination of the optimum dose to induce colon cancer metastases in rat liver, single cell suspensions containing 1 x 10^ up to 1 x 10 7 CC531s-eGFP cells suspended in 0.5 ml PBS were administered to the portal veins after surgical midline incision in the abdominal wall of rats, using a 27-gauge needle as described previously. 24 " 25 During operation, animals were kept under anesthesia with FFM (I ml Hypnorm. 1 ml midazolam, and 2 ml water; 0.27 ml/100 g body wt). Three weeks after administration of the cancer cells, animals were killed and the numbers of metastases were counted that were visible by the naked eye at the liver surface. The optimal dose of cells to induce countable numbers of metastases was established to be 5 x 10 ft CC531s-eGFP cells, and this amount was administered to rats in all further experiments. Aliquots of thawed cells were cultured, harvested, and administered to the animals as previously described. Animals were killed 30 minutes. 1 hour. 2 hours. 2 days, or 4 days after administration of the cancer cells.
Liver perfusion.
To determine whether cancer cells that were administered to the portal vein were arrested in the liver, the following experiments were performed. Animals (n = 3) were anesthetized by 150 pi pentobarbital intraperitoncally (6 mg/ml: Sanofi Saute, Maassluis. The Netherlands)
per 100 g body wt.
To avoid blood clotting, animals were injected intravenously with 1.000
IU heparin (Leo Pharmaceutical Products. Weesp. The Netherlands). The portal vein was cannulated. and the hepatic vein was dissected. Livers were perfused with oxygenated and carbogenated Ringer's solution (15 ml/min) at 37°C. After 5 minutes, 5 x 10 6 cells in 0.5 ml PBS were added to the Ringer's solution and 100 ml of the perfusate was collected from the hepatic vein to determine whether fluorescent cancer cells were present in the perfusate.
Furthermore, fluorescent cancer cells (5 x 10*' ) were administered to 3 rats according to the protocol previously described. After 30 minutes, 1 hour, and 2 hours, the entire animals were fixed with 4% formaldehyde in PBS via heart perfusion. Liver, lung, kidney, spleen, and brain were removed and postfixed in 4% formaldehyde in PBS for 4 hours at 4°C followed by an Ultrathin sections stained with uranyl acetate and lead citrate were investigated with a 10c transmission EM (LEO. Obcrkochen. Germany).
Electron tomography.
For detailed study of the interactions between cancer cells and host tissues, EM tomography was used. Sections (250 nm) were mounted on carbon-coated slot grids labelled with 6-nm gold particles. After counterstaining with uranyl acetate and lead citrate, the grids were coated again with carbon and labelled with 15-nm gold particles. Gold particles were used for the determination of the thickness of the sections as well as alignment. Reconstructions of areas of interest were made from double axis tilt series (-55° to +55°. increment 5°) with a pixel size of 1.6 nm. Till series were made with an EM420 electron microscope (FEI. Eindhoven, 
Results
Selection and stability of eGFP fluorescence in CC531s cells
In vitro. Cells were arrested abruptly, and "rolling" of cancer cells was never observed (see video clip in this issue of HEPATOLOGY at www.hepatology.org). Cancer cells were homogeneously distributed over all liver lobes. Cells were found in sinusoids between portal tracts and central veins ( Fig. 2A) . Occasionally, they were found at sites where the portal vein branched into sinusoids (Fig. 2B) . Time-lapse imaging of cells during the next 50 minutes showed that these cells were completely immobile (Fig. 2C ). EM was used to study arrested cancer cells in detail. Thirty minutes after administration of cancer cells to the portal vein, individual cancer cells were present in liver sinusoids. Cancer cells filled the entire sinusoidal lumen (Fig. 3A) . Sinusoidal endothelial lining was found to be intact when cells other than cancer cells were present in the sinusoidal lumen ( Fig. 3A and   B ). At sites where cancer cells were trapped, the endothelium was always disrupted or even absent, allowing direct contact between cancer cells and hepatocytes (Fig. 3C ). Tilting and subsequent electron tomography of ullrathin sections showed typical electron-dense material, forming characteristic bridges spanning the relative large gap between the microvilli of hepatocytes and cancer cells (Fig. 4A) . The substructures found in these bridges were also found in the glycocalyx of the cancer cells but never in the much thinner basal lamina of the hepatocytes. The bridges as previously described were found exclusively between cancer cells and microvilli of hepatocytes and never between cancer cells and remnants of endothelial cells (Fig. 4B) . between cancer cells and other (blood) cells, or between 2 hepatocytes. (Fig. 5A ) and in sinusoids where they completely blocked the blood flow (Fig.   5B ). Micrometastases at 4 days after administration of the cancer cells were still present in sinusoids only (Fig. 5C ). . Subsequently, the CC531s has free access to the hepatocyte, which is also expressing Fas (III). By doing this the CC531s are able to invade the liver parenchyma.
that the entire lumen of all blood vessels was filled with fluorescent beads. As a consequence, phagocytosed beads by KG' present in vessels could not be discriminated from beads in the lumen of the sinusoids. Third, our study showed that CC531s cells initially proliferated in sinusoids, whereas both the study of Vekemans et al. and Timmers et al. 2 "' suggest that cancer cells are unable to survive in the microcirculation because they are destroyed by the immune system. Although the majority of cancer cells are indeed destroyed by the immune system after they entered liver sinusoids, this destruction is not universal. Therefore, their and our data are not in contradiction. In the study of Timmers et al. 3 it is stated that "'CC53ls cells could be imaged within sinusoids of the liver" up to 72 hours after administration of the cancer cells, suggesting that cancer cells had not extravasated but were not eliminated at that time point either. Taken together, we were pleasantly surprised as the study of Vekemans et al." is largely complementary to our findings.' Both publications unravel possible mechanisms that allow direct contact between CC531s rat colon cancer cells and hepatocytes.
